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SN 1987 A: the Poster bog of supernovae

Feb 23, 1987

Anglo-Australian Observator 1 - | e "

* Took place168k years ago

. In the Large Magellanic Cloud, 50 kpc away. 18M , star.




bserved
. O(30) events in total.
still a coherent picture

examples of multi-
can be formed!
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astronomy.
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'4 99% energy of the star carrled away

1D 5|mulat|on of a 27 solar mass star by the Garchlng group
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- Us probe stellar interiors.

* Relevant information about supernova

dynamlcs shockwave propagatlon
turbulence

PhyS|cs of dense neutrmo streams Can'

lead to’ collectlve oscnlatlons”l

Non-standard neutrino properties:
decay, self-interactions, magnetic
moment, Dirac-Majorana nature, etc.

New particles.

- Any cxrazy stuff that theorists can
- think about.
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A brief detour into v oscillations: 2 flavors

Piv, —v,) = 1-sin“20sin®(1.27 Am°L/E)

I n Va Cu u l I l MNeutrinos that travel MNeutrinos that travel

short distances keep their long distances have roughly 50%
ariginal flavor chance to have changed flavors

4

Y, 100% v,

Ve _A_mz cos260  sin260 (Ve

Vy 2E \sin20 —cos260 vy

y

X

0% v /50%

X

While traveling through matter

100% v

10 10° 10°
Neutrino Flight Distance (km)

Wolfenstein (PRD 1977)
Mikheyev and Smirnov (Sov.J.Nuc.Phys. 1985)
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MSW flavor conversions

1.0
0.8}
2 < 0.6}

Am
E sin 260 Ng 0.4}

AmZ 2 AmZ _ 2 0.2t
\/(ZE CcoS 29—V(r)) +(—2E sin 29) 0.0l

Enhanced flavor conversions when

* Effective mixing angle in matter:

sin 20, =

0.5
V., (km")

Am?
——C0s 20 = V(T') Wolfenstein (PRD 1977)

2E
A2 Mikheyev and Smirnov (Sov.J.Nuc.Phys. 1985)
m

e Rate of oscillations &« w = p=

* Solution of the solar neutrino problem.




-Neutrino denS|ty S0 hlgh that they feeI addltlonal potent|al Only lab where neutrlno self-
mteractlons become |mportant ' | .

—‘.This -m‘aklesfflavor’ evolution a complicated non-linear problem.

u

O 2 Nve N(velvu)
Nn "\Nouvey Ny
P,

!

- Mass term in Wolfenstein’s weak Flavor-off-diagonal potential,
- flavor basis: potential, causes MSW caused by flavor oscillations.
~ causes vacuum  “resonant” conversion (J.Pantaleone, PLB 287:128,1992)
oscillations together with vacuum Raffelt, Seattle 2015




The matrix or densities: (143+%)

EoM: dtgp(r p, t) = — l[H Qp] + C[Qp]

R ufdl“ (1—vp p,)gp,

Kim, Kim and Sze (PRD 1988)

Uu~A>w

Matter (MSW) vV — Vv interaction I

% | v Wolfenstein (PRD1978,1979)
5 ' Mlkheyev and Smirnov (SJNP1985)
Pantaleone (PRD 1992)

Duan FuIIer Carlson and Qian (PRD 2006, 2007
Hannestad Raffelt Slgland Wong (2006) = {8




Neutrino transport, In

(1+3+3)D

Coherent forward
i scattering outside neutrno
sphere

 pltir. O, ;]

(0+1+3)D

Spherical symmetry about

the center

(0+3+3)D

Stationary emission

(0+1+2)D
Multi-Angle/Bulb Model

Azimuthal symmetry around
any radial direction

!)":A'.. |

slides from H. Duan

Duan

Miriz=1 - Man

its enty retg

(0+2+3)D

Axial symmetry around the
Z axis

O+1+1)D
Single-Angle Model

Trajectory independent
neutrino flavor evolution

p(r; E)

Equivalent to an
homogencous and isotropic
neutrino gas evolving with

e

& Shalgar, P1B 2015
gano & Sawviano, PRD 2015
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"_ he 31mp1est of systems demonstrate rich
phy51cs of an mteractmg neutrmo gas'

Duan, Fuller, Carlson and Qian (PRL 2006)




- If 4 x n, > w, oscillations -l

1.0}

are synchronized. @~ 0|

As n  decreases, bipolar
oscillations vV, < v, U

1
take place.

Can lead to complete flavor
conversions.

Rate of oscillations
wp ~ 10°w near the nu-

10

= wt
Duan, Fuller, Carlson and Qian (PRD 2006,2007; PRL 2006)

Hannestad, Raffelt, Sigl and Wong (PRD 2006)




_ 30 40 50
Energy [MeV] | | Energy [MeV]

e= electron
X=muon or tau:

| Blpolar osc111at10ns lead to large spectral swaps':
smokmg gun s1gna1 of collectwe osc111at10ns Can be detected’

Duan Fuller Carlson and Qlan (PRL 2006) |
Dasgupta Dlghe M|r|22| and Raffelt (PRD 2008)
Frledland (PRL 201 O)




Extremely dlfﬁcult to explam

. analytlcally

Empirical explanatlon 0

terms of

Q(E) = f(E) A(E)

»/'Swaps develop around Zero;
= crossmgs of g(E) | |

1 "}.Wldth of swap governed by
lepton # Conservatlon -

- En [MeV]

Dasgupta, Dlghe Raﬁelt and Smlrnov (PRL 2009)
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_induced oscil aionselé

S
= =

vant’?

CSC 5C

e Provides a method of converting v,s to U,s deep inside a

_star.
o <Eu,,,> > (E, ) . This leads to net heating of matter outflow,

since the v, can deposit energy. Can be crucial for reheating
~the stalled shockwave. |
* Such conversions are not suppressed by tiny mixing angles.

change the n/p ratio through charged current

* Can
~ interactions of v. Rel_elvant for nucleosynthesis.
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DLgho'. Dasgupta. Rafl!oll. Smimov, a.levn)904.3542
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Swap factor

0.5 1 1.5
Mode frequency ®
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1.0}

0.8}

.“'Interpfret‘ flavor oscillations as an instability problem.

| '_' o Lmeanse the Hamﬂtoman ‘ -
Look for exponentlal run-away solutlons of Qoff

R ; . S1gnals onset of an 1nstab111ty > grOW’th Of coherence
among modes — - . =
‘ ol e : Bane\'rjé_e, Dighe and Raffelt, PRD 2011 -




The Pathway
Can do this for few modes

(1+3+3)D (0+3+3)D

(0+2+3)D

-
Coherent forward — Stationary emission
scattering outside neutrno i .

sphere

Axial symmetry around the
Z axis

pt:r. 0. P

(0+1+2)D
Multi-Angle/Bulb Model

Spherical symmetry about Azimuthal symmetry around
the center any radial direction

(O+1+1)D

(0+1+3)D Single-Angle Model

Trajectory independent
neutrino flavor evolution

plriL.v) o{r; E)

Equivalent to an

homogeneous and isotropic
neutrino gas evolving with

slides from H. Duan

Duan & Shalgar,

Mirizzi, Mangano & Savij



The Pathwag
Can do this for few modes

quaht slides from H. Duan

Duan & Shalgar, P
Mirizzi, Mangano & Savino,

Started here
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Discard the concept of a| |Flavor dependent free-streaming.

dlstmct neutrino- -sphere| |Leads to different angular distributions.

‘Dasgupta, Mirizzi and MS (JCAP 2017)




f Dlscard the concept of a| |Flavor dependent free-streaming.
dlstmct neutrmo -sphere| |Leads to different angular distributions.

17

|Rapid flavor conversions, rate « n

= lmescaleSN nanoseconds : . : :212:::322

—— a=0.10, b=0.30

hence fast conversmns' - s

Dasgupta, Mirizzi and MS (JCAP 2017)
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Qualitative Pi

Fast
Osc.

Bipolar
' Osc.

‘ Vacuum Osc.

v -sphere L-Resonance
H-Resonance

dt Qp(T;P; t) — _l[H JQp] T C[

SN-Envelope

Not to scale
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o FFCs, if present, can change the entire paradigm of SN
neutrinos, both simulation as well as theory-wise.

« Leads to almost spectral averaging. All flavor equilibration.

* Relatively new direction, works that I won’t talk about here:

1. Collisions and FFC
- Capozzi, Dasgupta, Mirizzi, MS, Sigl (PRL 2019)
. Dispersion waves
Izagguire, Raffelt and Tamborra (PRL 2017)

Quartic oscillator.
-Dasgupta and MS (PRD 2018)

An analytic treatment of types of instabilities
- Dasgupta et al (PRD), Duan et al. (PRD 2019) "

Moments of angular distributions _
- Dasgupta, Mirizzi, MS (PRD 2018), Johns, Burrows and Fuller (PRD 2020)







- : :‘._Lsargeburstof v, in the first ~30 ms post bounce.

= .'RO‘b.llS t "feature of all simulations.

. . Large U, excess, hence no collectwe oscillations
_ wzthm the SM (Remember v, v — v, U, ‘)




~ Sensitivity to mass hie
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~ Independent probe of mass ordering

- Dlghe and Smirnov, PRD 2000




Sensd:x\/ltg to mass hlerarchg-»_.' ______

1.5220s11 2¢ 1
1.8220s27 -

Uea|2 19, = 0213 IH
|Ue3|2L° —003L° ~NH

. "i‘-.._n'fA‘:’l:-""'Independent pfobe of mass ordermg' -




Basedon - =
- 1. Dighe, Das and MS (JCAP 1705 (2017)
2 Digheand MS (PRDY7 (2018))




~NSS

+ Non-linear EoMs, extremely sensitive tosSL.

= V26 [#Ge,6

‘where most generally, G = (

o g, # 0 can populate v, from v, during neutronization.

- - Flavor-violating NSSI can cause coll. osc. now, |
- causing distinct spectral splits in neutronization spectra.




NH, g4=0.02 : IH, g4=0.02
e €, 01t ﬁ Z e, initial
——e¢,final ] I — ¢,final
———- a,final - < : ———- a,final

| . Atiny FV-NSSI can trigger splits in v, spectra.

| - Sensitivity to mass-ordering,

| Cancasilybedetected by DUNE.




. Distinct splits can be detected at DUNE.

f '~1Put o dependent constrantson N1

. Caveat sensmve to detalls of Collectlve osc111atlons' Should
be explored m more detaﬂs - . |




'_de_-GouVe-aLiMaftin‘e'z‘-‘Solér and MS (PRD101 (20




Z Neutrmo~ ecag

: Masswe neutnnos can decay to 11ghter
ones even w1th1n the SM Age longer
":,"'than universe. -

+
gttty 2

- S Pal and Wolfensteln (PRD1982)
New phy31cs can med1ate faster decay

EZDI/hvl¢+H ¢

o Hel1c1ty cons. (h C. )
qb He11c1ty fHip hi)

_Use the 1/ - burst ﬂux to
(i) Put some of the t1ghtest bound on this deray.
('11) Dlstlngulsh between Dlrac and Ma]orana nature.




Normal Ordering
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Simulate data

DUNE

o | 20 Nmo
' 100|
80|

— No Decay

— No Decay — 1/m=10%s/eV - '

—m=10*sev | 3 6O
)
20|

— No Decay

— No Decay {2 ; — 1/m=10%s/eV
— 1/m=10*s/eV |

10 15 20 25 30




Bounds on neutrino lire-time

Decay VS Nb Decay N

SN1987A

Expenments sen31t1ve to 11fet1mes of order of
L Week” for a 1eV mass neutrmo *
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acts as the “antineutrino” -
produces an e* on

Interaction—observable

Different signatures in detectors sensitive tov, and 7, .

- Lookat DUNEand HK




DUNE

NMO
7/m=10°s/eV
— Dirac

— Majorana

20 30
E (MeV)

Hyper—-K

NMO
7/m=10"s/eV
— Dirac

— Majorana

_DUNE
NMO
7/m=10°s/eV

— Dirac

— Majorana

7/m=10°"s/eV
— Dirac

— Majorana




Dlra = (D) vs | aJora na O\/D

Dirac vs Majorana

— (Dune+HK)-Dirac

_ (Dune+HK)-Majorana 7. :
—— Dune-Dirac e
: Dune—-Majorana

| __ HK-Dirac

_ HK-Majorana

Test hypothesis: vs are Dirac, 7/m ~ 10°s/eV
DUNE can't distihguish between D and M.

| ' - HK can dlstmgulsh as long as T/ ms 1()7 S/ eV |




Dirac VSMaJrana -

Dirac & Majorana

§ — (Dune+HK)-Dirac :

A (Dune+HK)- Ma]orana |
—vune 1ra’ 4

: Dune—Majorana

—— HK-Dirac

- HK-Majorana

& ' A eombmatlon of DUNE+ HK can d1st1ngulsh between
. D1rac and Ma]orana neutrmos at 50




Conc usion

Core- -collapse SNe are one e of the Very few places Where

U — v interactions are relevant. Need better understand1ng
of neutrino flavor propagation in dense medla to
apprec1ate 1ts effect * =

Can be used to put some of the best bounds onv—=vU
- non—standard 1nteract10ns Non—hnear effects amphfy tiny
feffects |

= —Naturaﬂy long baseline provided can be used to

constrain non-standard neutrino decays, and determlne the
D1rac Ma]orana nature |

Pr ObeSOfOtherBSMphysics. |




Betelgeuse: to catch a clging star!

Jan 2019

Will Bright Star Betelgeuse Finally Explode?

A Look at the Dimming Red Giant in Orion's
Shoulder

By Chelsea Gohd January 03, 2020

It can't hurt to look up at the night sky just in case.

- Tl’laVle,gou! ”






Events per time bin
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Antineutrinos at lig. Scintillator
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tion (x1043 cmz)

% g 1

e 10 20 30 a0 so 6o
Neutrino energy (MeV)
I.Gil-Botelia & A.Rubbia, hep-ph/0307222,

JCAP 10 (2003) 009, JCAP 08 (2004) 001




IMO vs NMO+Decay
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Detector

Type

Mass (kt)

Location

Events

Flavors

Status

Super-Kamiokande
LVD
KamLAND
Borexino
IceCube
Baksan
MiniBooNE*
HALO
Daya Bay
NOvA*®
SNO-+
MicroBooNE*
DUNE
Hyper-Kamiokande
JUNO
RENO-50
LENA
PINGU

H20O
CnH2n
CnHQn
CnH2n

Long string
CnHQn
CnH2n

Pb
CnH2n
CnH2n
CnH2n

Ar

Ar

H2O
CnH2n
CnH2n
CnH2n

Long string

32
1
1
0.3
(600)
0.33
0.7
0.08
0.33
15
0.8
0.17
34
560
20
18
50
(600)

Japan
[taly
Japan
Italy
South Pole
Russia
USA
Canada
China
USA
Canada
USA
USA
Japan
China
Korea
Europe
South Pole

7,000
300
300
100

(10°)

50
200
30
100

4,000
300

17
3,000
110,000
6000
5400
15,000

(10°)

Running
Running
Running
Running
Running
Running
(Running)
Running
Running
Turning on
Near future
Near future
Proposed
Proposed
Proposed
Proposed
Proposed
Proposed




